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A three-dimensional steady-state analysis of a three-bladed DTMB P4119 propeller is carried out with a hybrid mesh

using the k–ε V2F turbulence model, and assuming the flow past the propeller to be laminar. The simulation is carried

out for various advance ratios: J = 0.5, 0.833, 0.889, and 1.1. The predicted hydrodynamic coefficients, such as the

thrust coefficient (Kt), torque coefficient (Kq), and coefficient of pressure (Cp), compare very well with experimental

results for both the design as well as off-design advance ratios. Also, for the design advance ratio, both models predict

the circumferentially averaged axial, radial, and tangential velocities very well. It is observed that the majority of the

flow over the blade surface is laminar, and both the k–ε V2F and laminar models can capture the tip vortex very well.

Hence, both models can be used to predict the hydrodynamic parameters effectively.

KEY WORDS: CFD, propeller, hydrodynamic coefficients, moving reference frame, interface, turbulent,
laminar, tip vortex

1. INTRODUCTION

A marine propeller possesses a very intricate geometry, consisting of variable section profiles, chord lengths, and
pitch angles. These features make the determination of the flow over a propeller an extremely challenging problem.
Various techniques are used for the analysis of flow through marine propellers, including experimental methods,
inviscid methods (panel methods), and viscous methods withthe use of a Reynolds-averaged Navier–Stokes equation
(RANSE) solver (Bogdan et al., 1998); and the global and local parameters, such as pressure and velocities, are
measured. However, it is time-consuming and costly to carryout parametric studies. In an inviscid panel method
(Brizzolara and Gaggero, 2008), the hydrodynamic parameters can be well predicted for a design advance ratio.
However, the predictions are not as accurate in the case of off-design advance ratios. This may be due to neglect of
the viscous effects. To overcome the limitations in the experimental and panel methods, the RANSE solver technique
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NOMENCLATURE

c blade section chord length, m
C1 chord length at 0.7R

Cp coefficient of pressure,Cp =
P − P0

1/2ρV 2
res

D propeller diameter, m
R propeller radius, m
F maximum blade section camber, m
F/c blade section camber–to–chord length ratio
f local section camber,
f/F chord-wise camber distribution

J advance ratio,J =
Vin

nD

Kt thrust coefficient,Kt =
T

ρn2D4

Kq torque coefficient,Kq =
Q

ρn2D5

n speed of blade rotation, rps
P pressure over the blade surface, N/m2

p pitch of propeller, m
P/D pitch-to-diameter ratio
P0 initial pressure, N/m2

ρ density of water, kg/m3

Q average torque of three blades, N-m

Re Reynolds number, Re= ρVin

D

µ

Reb blade Reynolds number,

Reb =
[

V 2
res

+ (2πrn)2
]0.5 C1

ν

r local radius of the blade cross section, m

T average thrust of three blades, N

tmax maximum blade section thickness, m

t local section thickness, m

t/T chord-wise thickness distribution

Vin inlet velocity, m/s

Vr radial velocity, m/s

Vr1 circumferentially averaged radial velocity,

Vr1 =
Vr

Vin

Vres resultant velocity,

Vres = Vin

[

1+

(

πr/R

J

)2
]0.5

, m/s

Vt tangential velocity, m/s
Vt1 circumferentially averaged tangential

velocity,Vt1 =
Vt

Vin

Vz axial velocity, m/s
Vz1 circumferentially averaged axial velocity,

Vz1 =
Vz

Vin

− 1

x/c fraction of chord length
Φ pitch angle, degree

ν kinematic viscosity,ν =
µ

ρ
, m2/s

µ dynamic viscosity, Ns/m2

(Brizzolara and Gaggero, 2008; Streckwall, 1998; Bong, 1998; Shotaro, 1998; Chen and Stern, 1998; Sánchez, 1998;
Kyung et al., 1998; Xiao and Walters, 2012) is being universally used by many researchers. Brizzolara and Gaggero
(2008) carried out an extensive study using a panel method and a RANSE method, and concluded that for low advance
ratios and for off-design conditions, a RANSE solver predicts better. Streckwall (1998) carried out an analysis of flow
through the marine propeller P4119 with the standardk–ε turbulence model. However, he suggested the need to carry
out the grid independence for better accuracy. Bong (1998) used a finite volume technique using unstructured meshes
along with the standardk–ε turbulence model (Launder and Spalding, 1974) to analyze the P4119 propeller.

The thrust coefficient (Kt) predicted for the design condition matched well with the experimental results (Jessup,
1989), but the torque coefficient (Kq) was overpredicted by 10% compared to the measured data. However, they
failed to capture the wake behind the propeller, and suggested carrying out the analysis with other turbulence models
for better prediction. Shotaro (1998) carried out numerical simulations around a marine propeller with RANSE. The
modified Baldwin–Lomax zero-equation turbulence model wasadopted for turbulent closure. The equations were
discretized by the cell-centered, finite volume method withthe third-order upwind scheme. The predictions of thrust
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and torque coefficients were about 10% higher than the experimental data for the design advance ratio. Based on the
study, the author suggested carrying out the analysis with abetter grid resolution. Chen and Stern (1998) carried out
an unsteady three-dimensional analysis of P4119 at design conditions using the Baldwin–Lomax turbulence model.
The thrust and torque coefficients were underpredicted by 4%and 0.7%, respectively. The authors suggested a better
mesh refinement to capture the tip vortex, boundary layer, and blade wake behavior. Sánchez (1998) carried out a
performance analysis for the P4119 propeller, using the FINFLO finite volume code, in a rotating coordinate system
using the k-ε turbulence model. The predictions ofKt andKq for the propeller were within 1.5% of experimental
values for advance coefficients close to the design value. Although the flow patterns were generally well predicted,
the author suggested the use of more sophisticated turbulence models for better prediction of tip vortex flow. Kyung et
al. (1998) carried out an analysis around the P4119 propeller, using an H-type grid with the two-layerk–ε turbulence
model. His results predicted the existence of two differentzones—laminar and turbulent—over the blade surface.
He also suggested the use of a block mesh to capture the tip vortex. Xiao et al. (2012) carried out simulations using
both fully turbulent and transition-sensitive eddy viscosity turbulence models for the P5168 five-bladed propeller, and
predicted the existence of a laminar region up to 40% of the blade surface. Prakash et al. (2014) carried out both
steady and unsteady analyses for the simulation of the P4119propeller with SST Menterk–ω, Standardk–ω, k–ε
AKN, and k–ε V2F turbulence models for the design advance coefficient, using a polyhedral mesh. The predicted
results were within 5% forKt and 6% forKq (Jessup, 1989). They also concluded that of the four turbulence models,
thek–ε V2F model predicts best in comparison with the experimentaldata (Jessup, 1989). The authors also suggested
adopting a structured/prism mesh for further improvement.

Based on the literature survey, it was observed that although the hydrodynamic coefficients (Kt andKq) were
well predicted for the design advance ratio, predictions for the off-design value need to be improved. Almost all the
researchers failed to capture the tip vortex flow, and suggested the use of a better grid and turbulence model. It is also
suggested to use a transition model (Kyung et al., 1998; Xiaoet al., 2012), as the flow along the propeller consists of
both laminar and turbulent regimes.

Hence, a study has been carried out for the P4119 propeller, with a hybrid mesh technique consisting of a prism
layer mesh along with a polyhedral mesh, for both design and off-design advance coefficientsJ = 0.833, 0.5, 0.889,
and 1.1. For the analysis, thek–ε V2F model and the laminar model are used for comparison. The results obtained
from the above analysis are presented here.

2. NUMERICAL APPROACH

The computational resources (both hardware and software) for the present study are shown in Appendix A.

2.1 Governing Equations

2.1.1 Generalized Governing Equations

Continuity equation:
∂(ρu)

∂x
+

∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (1)

Momentum equation:

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = −

∂p

∂xi
+

∂τij
∂xj

+
∂

∂xj
(−ρu′

iu
′

j) + fi (2)

where

τij = µ

(

∂ui

∂xj
+

∂uj

∂xi

)

(3)

and−ρu′

iu
′

j , which is known as Reynolds stress, gives rise to a closure problem, as the values are unknown. Normally
u′

iu
′

j is related to the mean velocities by the eddy viscosity concept, which is given by
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−ρu′

iu
′

j = µt

(

∂ui

∂xj
+

∂uj

∂xi

)

−
2
3
ρkδij (4)

whereµt is the turbulent viscosity andk is the turbulent kinetic energy.

2.1.2 Generalized Governing Equations for V2F Turbulence Model

The turbulent viscosity is defined as
µt = ρCµυ2 T (5)

and the turbulent quantities in addition to standardk andε are obtained from two more equations, the transport
equation forυ2:

∂ρυ2

∂t
+

∂

∂xj

(

ρujυ2
)

= ρkf − ρ
υ2

k
ε+

∂

∂xj

[

(

µ+
µt

σ
υ2

)

∂υ2

∂xj

]

(6)

and the elliptic equation for relaxation functionf :

L2
∇

2f − f =
C1 − 1

T

(

υ2

k
−

2
3

)

− C2
Pk

ε
(7)

where the turbulence length scaleL is

L = CLmax

[

k3/2

ε
, Cη

(

υ3

ε

)1/4
]

(8)

and the turbulent time scaleT is

T = max

[

k

ε
, CT

(υ

ε

)1/2
]

(9)

They are bounded with their respective Kolmogorov definition (reliability constraints can also be applied as below).
The coefficient used is

Cµ = 0.22, σ
υ2 = 1, C1 = 1.4, C2 = 0.45, CT = 6, CL = 0.25, andCη = 85

2.2 Model Geometry and Grid Generation

The David Taylor Model Basin (DTMB) P4119 (Jessup, 1989) propeller model has been considered for the study.
It is a right-handed three-bladed propeller with no skew anda simple geometry, with a diameter ofD = 0.305 m,
as shown in Table 1. For developing the blade profile, an aerofoil profile of NACA66 is selected (Jessup, 1989).
The blades are developed in such a way that the aerofoil sections are arranged one above the other and splined to
generate a blade profile. The blades are then simply mounted on a cylinder, which serves as the shaft. Before the
shaft, a hub is provided for free flow to the propeller blades.The model thus created in SOLIDWORKS is shown
in Fig. 1(a), and then imported to STAR-CCM+ for meshing and analysis. Figure 1(b) shows the general definition
of an aerofoil. The computational domain has been created with a cylinder surrounding the propeller and aligned to
the hub axis. Figure 2 shows a schematic diagram of the computational domain, whose diameter and length are 7.3
and 13.7 times the propeller diameter (Robert, 1971), respectively. All three blades are used for computation. The
computational domain is subdivided into two—a moving and a stationary region. The stationary region is attached
to the computational domain, and the moving region is with the propeller. To facilitate smooth data transfer between
the stationary and the rotating region, a suitable interface with 1.5 times the propeller diameter (Robert, 1971) is
introduced between the regions. There is no physical separation in space between the two boundaries comprising the
interface. Appropriate governing equations are solved in each fluid zone. Single reference frame equations are used
in the rotating zones.
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TABLE 1: Geometrical data (based on the results of Sánchez,
1998)

S. No r /R c/D P/D tmax /c F/c

1 0.30 0.285550 1.0000 0.15530 0.02318
2 0.40 0.318870 1.0000 0.11800 0.02303
3 0.50 0.345968 1.0000 0.09160 0.02182
4 0.60 0.363141 1.0000 0.06960 0.02072
5 0.70 0.364086 1.0000 0.05418 0.02003
6 0.80 0.342423 1.0000 0.04206 0.02003
7 0.90 0.284605 1.0000 0.03321 0.01817
8 0.95 0.218593 1.0000 0.03228 0.01631
9 1.00 0.126036 1.0000 0.03160 0.01175

(a) (b)

FIG. 1: (a) Propeller model, (b) general definition of an aerofoil section

FIG. 2: Computational domain

A hybrid mesh consisting of prismatic mesh and polyhedral mesh is generated. First, a prismatic mesh is gener-
ated for the propeller, with 25 layers near the propeller surface, with a stretch factor of 1.1, as shown in Fig. 3, after
which the polyhedral mesh is generated for the domain, hub, and interface. The prism layer mesh is used for better
capturing the boundary layer over the propeller blades. They+ value is maintained based on the requirement of the
turbulence models used for the computations. Figure 4 showsthe grid independence study for hybrid mesh.

2.3 Boundary Conditions

Appropriate boundary conditions are specified to simulate the open water tunnel test carried out by Robert (1971).
At the inlet, a uniform velocity profile is specified, while onthe exit, boundary pressure is specified. On the lateral
boundary, a free-stream boundary condition is imposed. A no-slip condition is imposed on the blade and hub surfaces.
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FIG. 3: Grid generation

FIG. 4: Grid independence study for hybrid mesh

The material property for water is specified. The inlet parameters for various advanced coefficients are shown in
Table 2. The values of turbulent kinetic energy (k), dissipation rate (ω), and specific dissipation rate (ε) at the inlet
are calculated as follows:

k = u2
× 10−4, J/kg, which corresponds to a turbulence intensity of∼ 0.86%.

ω =
ρk

100µ
, /s, ε = ωk, J/kg-s

2.4 Methodology

Three-dimensional numerical analysis of the flow through the P4119 propeller is carried out with the general-purpose
RANSE solver STAR-CCM+. The analysis is carried out with thek–ε V2F turbulence model, as it is observed
to predict better than other turbulence models (Prakash et al., 2014) and the laminar model. During the analysis,
the maximum residuals from continuity,x-momentum,y-momentum,z-momentum, and turbulence are restricted to

TABLE 2: Various advance ratios (J)

S.
No.

Advance
ratio J

Velocity
V (m/s)

Reynolds
number
Re× 106

Blade
Reynolds
number

Reb × 106

Turbulent
kinetic
energy
k× 10–4

(J/kg)

Turbulent
dissipation

rate
ω (/sec)

Specific
dissipation

rate
ε× 10–4

(J/kg-s)

Speed
n (rps)

1 0.5 1.525 0.59 1.374 2.3256 2.9946 6.964

10
2 0.833 2.4 1 1.404 6.4516 8.3350 53.774
3 0.889 2.711 1.06 1.411 7.3490 9.4630 69.54
4 1.1 3.355 1.32 1.439 11.256 14.494 163
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10−6 as convergence criteria. Initially, 300 iterations are carried out with the first-order upwind scheme. Then the
second-order upwind scheme is used for further iterations until convergence is achieved. Numerical simulation is
carried out for the design advance coefficient ofJ = 0.833 and off-design conditionsJ = 0.5, 0.889, and 1.1 by
changing the velocity, as shown in Table 2. The grid independence study was carried out using the SST Mentork–ω
turbulence model as shown in Table 3.

Table 4 shows the thrust and torque coefficients obtained forvarious turbulence models and compared with
the experimental results. It is observed that for thrust coefficient the values are within 2% to 9.58% compared to
experimental values.k–ε V2F model overpredicts by 2% whereas it is 8.90% for the laminar model. All the models
predict the torque coefficient within 1.43% to 6.43%. Here, the laminar model predicts within 1.43% whereas thek–ε
AKN model predicts within 3.21% from the experimental values. Thek–ε V2F model predicts within 3.93%, which
is very near the value predicted by thek–ε AKN model. Thus for further analysisk–ε V2F and laminar models are
used.

Also, in order to verify whether thek–ε V2F model is showing better results with only the 3.46 million mesh
cells or also with other cells, the results below are also captured and verified. The average cell size is 0.00055 mm.
The refinement of the mesh was done in order to achieve fine meshnear the edges of the propeller blade and also near
the wall boundary.

Thrust and torque coefficients for designed advance coefficients forJ = 0.833 by using thek–ε V2F model for
all mesh is shown in Table 5, with 1.31, 1.7, 3.04, 3.46, and 4.04 million cells. The analysis was carried out for 1500
iterations, for a duration of approximately 96 hr, by running the simulation continuously.

3. RESULTS AND DISCUSSION

3.1 Design Advance Coefficient ( J = 0.833)

The hydrodynamic coefficientsKt andKq are calculated fromKt = T/
(

ρn2D4
)

andKq = Q/
(

ρn2D5
)

, whereT
is the average thrust for the three blades andQ is the average torque for the three blades.

TABLE 3: Thrust and torque coefficients for designed advance coefficient to attain grid sensitivity for
DTMB P4119 for hybrid mesh

Grid
(million)

Turbulence models
Thrust coefficient

(Kt)
Difference

Torque coefficient
(10Kq) Difference

Analysis Analysis

1.31

SST Mentork–ω

0.200 — 0.476 —
1.7 0.155 0.045 0.245 0.231
3.04 0.155 0 0.296 0
3.46 0.155 0 0.296 0
4.04 0.153 0.002 0.296 0

TABLE 4: Comparison of thrust and torque coefficients for grid sensitive cell for DTMB P4119 (hybrid mesh)

Turbulence models Thrust coefficient (Kt) % Deviation Torque coefficient (10Kq) % Deviation

Exp6 Analysis Exp6 Analysis

k–ε AKN

0.146

0.160 9.58

0.28

0.289 3.21
k–ε V2F 0.149 2.00 0.291 3.93

Standardk–ω 0.155 6.16 0.298 6.43
SST Mentork–ω 0.155 6.16 0.296 5.71

Laminar 0.159 8.90 0.284 1.43
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TABLE 5: Thrust and torque coefficients for designed advance coefficient forJ = 0.833 by usingk–ε V2F
model for all mesh

Grid
(million)

Turbulence
models

Thrust coefficient
(Kt)

%
Deviation

Torque coefficient
(10Kq)

%
Deviation

Exp
(Jessup, 1989)

Analysis
Exp

(Jessup, 1989)
Analysis

1.31

k–ε V2F 0.146

0.200 +27.11

0.280

0.476 +41.17
1.7 0.155 +5.81 0.245 –12.5
3.04 0.153 +5.81 0.296 +5.40
3.6 0.149 +2 0.291 +3.78
4.04 0.152 +3.95 0.295 +5.08

Table 6 shows the thrust and torque coefficients obtained forthe k–ε V2F turbulence model and the laminar
model, and compared with the experimental results (Jessup,1989). It is observed that for the thrust coefficient, the
k–ε V2F model overpredicts by 2%, whereas it is 8.17% for the laminar case. However, for the torque coefficient, the
V2F model overpredicts by 3.78%, whereas the laminar case predicts within 1.41% of the experimental values.

The variation of the coefficient of pressure forJ = 0.833 along the chord length at radius 0.7R and 0.9R, for both
the pressure and suction sides of the propeller blade, are compared with the experimental data as shown in Fig. 5. It
can be seen that both models predictCp values very well for 0.7R. For 0.9R, there is a slight deviation at the leading
edge for the suction side, and at the trailing edge for the pressure side. As this section is very near the tip of the blade,
flow through this section may be influenced by tip vortex flow, leading to the deviation.

Figure 6 shows the variation of the circumferentially averaged axial and radial velocity atz/R = –0.3 forJ =
0.833, with variousr/R, from root to tip of the propeller blade. It is observed that the axial velocity predicted
by both thek–ε V2F and the laminar models agrees very well with the experimental data (Kyung et al., 1998), with
maximum deviations fromr/R = 0.3 to 0.4. This may be due to the presence of the hub, which leads to unsatisfactory
development of the boundary layer. The radial velocity alsomatches well with the experimental data, except from
r/R = 0.3 to 0.5, for similar reasons.

Figure 7 shows the variation of the circumferentially averaged axial, radial velocity, and tangential velocity at
z/R = 0.3281 fork–ε V2F and laminar model forJ = 0.833. It can be seen that both models predict radial and
tangential velocities very well with respect to the experimental data (Kyung et al., 1998). However, for axial velocity,
there is a large deviation nearr/R = 0.3. This may be due to the presence of the hub, which influences the flow
development past the propeller. As expected, the deviationis greater for thek–ε V2F than for the laminar model.

Figure 8 shows the wall shear stress distribution over the blade surface for both thek–ε V2F and the laminar
models, in the vertical direction from near the hub to the blade tip, for both the suction side and the pressure side, at
the design advance coefficient,J = 0.833. For the suction side, the wall shear stress predictedby thek–ε V2F model
increases gradually from the hub tox/c = 0.45, after which the gradient increases sharply, indicating the transition
from the laminar to the turbulent region. For the laminar model, a gradual increase in wall shear stress is observed

TABLE 6: Thrust and torque coefficients for designed advance coefficient forJ = 0.833

Grid
(million)

Turbulence
models

Thrust coefficient
(Kt)

%
Deviation

Torque coefficient
(10Kq)

%
Deviation

Exp
(Jessup, 1989)

Analysis
Exp

(Jessup, 1989)
Analysis

3.46 k–ε V2F 0.146 0.149 2 0.280 0.291 3.78
Laminar 0.159 8.17 0.284 1.41
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(a) 0.7R

(b) 0.9R

FIG. 5: Variation of coefficient of pressure along the chord length for J = 0.833

FIG. 6: Circumferentially averaged axial and radial velocity atz/R = –0.3 fork–ε V2F and laminar forJ = 0.833

until x/c = 0.95, after which a there is a sudden increase in wall shear stress. This indicates the existence of a laminar
region on the suction side of the blade up to 45% predicted by thek–ε V2F model, and up to 95% by the laminar
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FIG. 7: Circumferentially averaged axial, radial, and tangentialvelocity atz/R = 0.3281 fork–ε V2F and laminar forJ = 0.833

(a) Suction side (b) Pressure side

FIG. 8: Wall shear stress distribution over the blade surface forJ = 0.833 in the vertical direction

model. For the pressure side, the wall shear stress predicted by both the models shows similar trends as observed for
the suction side. For thek–ε V2F model, the laminar-to-turbulent transition starts from x/c = 0.65.

Figures 9 and 10 show the skin friction distribution for thek–ε V2F and laminar models on both the suction
and pressure sides, which supports the above explanation for the existence of a laminar region over the blade surface
(Fig. 9). The contour predicted by the laminar model shows that the majority of flow is laminar for both the suction
and pressure sides, whereas it is different for the suction and pressure sides as predicted by thek–ε V2F model.

Figure 11 shows the formation of free vortices by the blade surface from upstream of the propeller to downstream
of the propeller blade for both thek–ε V2F and laminar models. The vortices are taken at locations from upstream to
downstream atz/R = –0.1312, 0.0, 0.0656, 0.1969, 0.2625, and 0.3281, respectively. It can be seen that no vortices
are formed upstream of the propeller blade. But the vorticity starts forming atz/R = 0.0 and grows toward the
downstream of the propeller blade, which finally leads to theformation of blade wake.

3.2 Off-Design Advance Coefficient ( J = 0.5, 0.889, and 1.1)

Analysis is carried out for off-design advance ratios 0.5, 0.889, and 1.1. Special attention is given toJ = 0.5, as
it indicates a higher loading condition. This is important because of increased discrepancies observed between the
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(a)k–ε V2F (b) Laminar

FIG. 9: Skin friction distribution on the suction side forJ = 0.833

(a)k–ε V2F (b) Laminar

FIG. 10: Skin friction distribution on the pressure side forJ = 0.833

predicted results and the experimental data using a fully turbulent RANSE simulation (Ito, 1987; Uto, 1992, 1993,
1994). At higher loading conditions, the blade Reynolds number is lower, and the assumption of the existence of fully
turbulent conditions may not be correct. Table 7 shows the thrust and torque coefficients obtained for these advance
coefficients. It is observed that thek–ε V2F model overpredicts the thrust coefficient by 7.16% forJ = 0.5, 0.76%
for J = 0.889, and 19.48% forJ = 1.1, whereas for the laminar model, these values are 7.76%, 3.7%, and 28.63%,
respectively, for the corresponding advance ratios. For the torque coefficient, the maximum deviation predicted by
thek–ε V2F model is 8.69% forJ = 1.1. ForJ = 0.5 and 1.1, the laminar model predicts better than thek–ε V2F
model when compared with the experimental data (Jessup, 1989). This shows that both models predict the torque
coefficients very well, but the prediction of the thrust coefficient forJ = 1.1 is not as good for both models.

The variation of the coefficient of pressure along the chord length forJ = 0.5 and 1.1 at the 0.7R section on the
suction and pressure sides of the propeller blade is shown inFigs. 12 and 13, respectively, along with the experimental
data (Haimov et al., 2007). It can be seen that, in general, for both models, the predicted values match very well with
the experimental data (Haimov et al., 2007) forJ = 0.5, except for the leading edge, where the maximum deviation
is 15%. ForJ = 1.1, the predicted values match very well with the experimental data for the suction side. However,
there is a deviation between the predicted and experimentaldata at the pressure side, at both the leading and trailing
edges, with a maximum deviation of 12%. Clustering more grids near the leading and trailing edges may lead to better
capture of the boundary layer development, thereby reducing the deviations.

Figure 14 shows the wall shear stress distribution over the blade surface for both thek–ε V2F and laminar models,
in the vertical direction, from near the hub to the blade tip,on the suction side, forJ = 0.5. For thek–ε V2F model,
the suction side indicates that the laminar region covers 45% of the blade surface, after which it is turbulent. For the
laminar model, the shear stress varies gradually up to 70% ofthe blade surface, after which there is a sudden increase
in the shear stress gradient. For the pressure side, the shear stress predicted by thek–ε V2F model varies gradually
up to 48% of the blade surface, after which there is a sudden increase in the shear stress gradient. It shows that the
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k–ε V2F Laminar k–ε V2F Laminar
(a) z/R = –0.1312 (d)z/R = 0.1969

k–ε V2F Laminar k–ε V2F Laminar
(b) z/R = 0.0 (e)z/R = 0.2625

k–ε V2F Laminar k–ε V2F Laminar
(c) z/R = 0.0656 (f)z/R = 0.3281

FIG. 11: Formation of free vortices fork–ε V2F and laminar model forJ = 0.833

TABLE 7: Thrust and torque coefficients for off-design advance coefficients

Grid
(million)

Turbulence
models

Thrust coefficient
(Kt)

%
Deviation

Torque coefficient
(10Kq)

%
Deviation

Exp (Haimov
et al., 2007)

Analysis
Exp (Haimov

et al., 2007)
Analysis

J = 0.5

3.46

k–ε V2F 0.285 0.307 7.16 0.479 0.509 5.89
Laminar 0.309 7.76 0.498 3.81

J = 0.889
k–ε V2F 0.130 0.131 0.76 0.266 0.259 2.63
Laminar 0.135 3.70 0.247 7.14

J = 1.1
k–ε V2F 0.0314 0.039 19.48 0.105 0.115 8.69
Laminar 0.044 28.6 0.104 0.95

laminar region extends to 66% of the blade surface for the pressure side predicted by thek–ε V2F model. With the
laminar model, the laminar region extends to 92% of the bladesurface, as on the suction side of the blade.
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FIG. 12: Variation of coefficient of pressure along the chord length at r = 0.7R for J = 0.5

FIG. 13: Variation of coefficient of pressure along the chord length at r = 0.7R for J = 1.1

(a) Suction side (b) Pressure side

FIG. 14: Wall shear stress distribution over the blade surface forJ = 0.5 in the vertical direction
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Figures 15 and 16 show the contours on the suction and pressure sides of the blade forJ = 0.5, which is in line
with the argument made for Fig. 14. For the other advance ratios,J = 0.889 and 1.1, the shear stress distribution is
shown in Figs. 17–20, which clearly demonstrate the existence of a laminar region over the blade surface on both the
suction and pressure sides, as predicted by the laminar model.

4. CONCLUSION

Numerical simulation of flow through the marine propeller DTMB P4119 is carried out with a hybrid mesh consisting
of prismatic and polyhedral meshes. The simulation is carried out with thek–ε V2F turbulence model and the laminar
model, for advance ratiosJ = 0.833, 0.5, 0.889, and 1.1. It is observed that both models predict global as well as

(a)k–ε V2F (b) Laminar

FIG. 15: Skin friction distribution on the suction side forJ = 0.5

(a)k–ε V2F (b) Laminar

FIG. 16: Skin friction distribution on the pressure side forJ = 0.5

(a)k–ε V2F (b) Laminar

FIG. 17: Skin friction distribution on the suction side forJ = 0.889
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(a)k–ε V2F (b) Laminar

FIG. 18: Skin friction distribution on the pressure side forJ = 0.889

(a)k–ε V2F (b) Laminar

FIG. 19: Skin friction distribution on the suction side forJ = 1.1

(a)k–ε V2F (b) Laminar

FIG. 20: Skin friction distribution on the pressure side forJ = 1.1

local flow behavior well for the design advance ratio,J = 0.833. The hydrodynamic coefficientsKt andKq are
overpredicted by 2% and 3.7% with thek–ε V2F model, whereas with the laminar model the values are 8.17%
and 1.41%, respectively. Both models predict the coefficient of pressure on the suction and pressure sides at 0.7R
and 0.9R very well with respect to the experimental data. Deviationsof 12.5% and 14.28% are observed for the
circumferentially averaged axial velocity atz/R = 0.3281 for thek–ε V2F and laminar models, respectively, whereas
both thek–ε V2F model and the laminar model predict radial velocity verywell with respect to the experimental data.
The tip vortex is also captured well by both thek–ε V2F and laminar models. The shear stress distribution is also
predicted on the blade surface for both thek–ε V2F and laminar models on the suction and pressure side, respectively,
for J = 0.833. Thek–ε V2F model indicates that the laminar region covers 45% of theblade surface on the suction
side, after which it is turbulent. For the pressure side, theshear stress predicted by thek–ε V2F model varies gradually
up to 65% of the blade surface, after which there is a sudden increase in the shear stress gradient. This shows that

Volume 47, Issue 4, 2020



306 Prakash et al.

the laminar region extends up to 65% of the blade surface on the pressure side, as predicted by thek–ε V2F model.
However, the laminar model predicts the laminar region to exist up to 95% of the blade surface for both the suction
and pressure sides. This clearly establishes that the majorportion of the flow over the blade surface is laminar. Also,
both models predict the hydrodynamic parameters very well for off-design advance ratios, especially forJ = 0.5.
From the above study, it can be concluded that both thek–ε V2F and laminar models with hybrid mesh can be used
for efficient prediction of the flow over the DTMB P4119 propeller, for either design or off-design advance ratios.
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APPENDIX A. COMPUTATIONAL RESOURCES

Hardware
HP 650W 80
Red Hat Linux WS 4, 32/64 bit OS
Intel Xeon
HP 8GB (4x2GB) DDR2-667
HP 250GB SATA, HDD

Software
STARCCM+ 12.06
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